Abstract: Quinolizidine alkaloids constitute about 2% of the alkaloids that are known from plants. In this report, data on chromatography (TLC, cGLC), spectroscopy (MS, NMR), occurrence, biosynthesis (tracer studies, enzymatic experiments), accumulation, transport, degradation, biological activities (pharmacology, chemical ecology), and alkaloid formation in cell cultures are reviewed.
Quinolizidine alkaloids (QA) have been studied in a number of laboratories during the last 100 years. Although of minor pharmaceutical importance (sparteine is used as an antiarrhythmic compound), interest in this group of alkaloids has increased within the last 15 years, which can be seen in the growing number of articles and reviews in this field (7, 8, 24, 58, (91) (92) (93) .
It is not my intention in this review to cover the literature exhaustively, but rather to present an overview of the most significant and interesting aspects of QA biosynthesis and QA metabolism in plants and cell suspension cultures.
Chemistry of Quinolizidine Alkaloids

Structural Types
Quinolizidine alkaloids represent about 2% of the 7000 known alkaloids from plants. QA can be divided in more than 6 structural groups ( Fig. 1) : A. Lupinine (1) and its esters (1, 7) . B. The tetracyclic QA, such as sparteine (2) and lupanine (3) which can be modified by additional keto groups and up to two hydroxyl groups (7) . The hydroxylated lupanines form esters with aliphatic and aromatic acids (2, 7) . C. The ct-pyridones [e.g. anagyrine (4)], D. The tricyclic QA with an allylic side chain instead of ring D, such as tetrahydrorhombifoline (5) (7). E. Matrine alkaloids which can be modified in a similar way as type B and C. F. The alkaloids of the multiflorine-type with a modified A-ring. G. Other types (7) . For a compilation of the known QA see (7, but also 3-8). 
Chromatographic and Spectroscopic Studies
Chromatography of QA on thin-layer plates (TLC) and their detection by Dragendorffs reagent or by 12/KI has been used in many studies. Solvent systems and Rrvalues are given in (7, (9) (10) (11) (12) . However, this method has its limitations for the analysis of complex alkaloid mixtures, which can consist of 3-8 major and up to 20 minor QA (2, 13, 14) . Gas-liquid chromatography (GLC) employing fused-silica capillary columns with chemically bound phases (SE 1 or 5) has been proven to be the method of choice here (2, (13) (14) (15) (16) (17) . These columns even allow the separation of lupanine (3) isomers, i.e. lupanine (uS) and a-isolupanine (11R) (7, 14) and do not demand any chemical derivatisation of the alkaloids prior to the analysis. A compilation of the Kovats-retention indexes or of retention times of about 50 QA is given in (7, 14, (17) (18) (19) For the identification of QA IR-spectroscopy, which had been used as the main method a few decades ago, has been widely substituted by NMR and mass spectrometry. NMR data (1H, 13C) have been reported in (20) and reviewed in (7, 8) . Often mass spectrometry has been the method of choice in phytochemical studies of QA (7, 9, (13) (14) (15) (16) (17) (18) (19) , especially in combination with GLC (GLC-MS), when the identification of known structures is demanded. For many QA El-MS gives instructive fragmentation patterns [for mass spectral data see (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) ]. Cl-MS is very useful for alkaloids of type D and for esters, which do not give rise to prominent molecular ions in the El- and the bi-or tetracyclic alkaloids ( and N-16 were stable and that the hydrogen atoms at the 10 and 17-positions were retained, i.e. that keto groups are not formed at these positions during biosynthesis. Also a removal and replacement of hydrogen at C-8 can be excluded (96) . Two hypothetical models for the biosynthesis of the tetracydie alkaloids and have been formulated which are in accordance with the labelling patterns observed. (Fig. 2 ): 1. The "traditional" one, which is based on Mothes and SchUtte (27) . 2. The Golebiewski and Spenser model (29, 99) which assumes the trimerization of A1-piperideine into isotripiperideine. Isotripiperideine is then isomerized to sparteine. A similar model has been postulated for the biosynthesis of the matrine type alkaloids (32) . The critical experiment to prove this hypothesis, i.e. to show that isotripiperideine is incorporated into QA has not been reported.
There is no agreement whether sparteine or lupanine is the first labelled tetracyclic alkaloid. Since sparteine is, chemically, the more "primitive" alkaloid, many authors assume that it is also the first alkaloid and that lupanine and the other alkaloids derive from it. However, it is lupanine which is most widely distributed in the plant kingdom and there is a number of species which do not contain sparteine (7, 14, 21) . Short term experiments with labelled CO2 (36, 37) or [14CJ-cadaverine (52) showed that the radioactive label could only be recovered in lupanine in species which do not accumulate sparteine. In species where sparteine was the major QA (i.e. L. arbo reus) , it became labelled first (36, 52) . The most likely explanation is that an intermediate common to both sparteine and lupanine exists, which could be a dehydrosparteine (36, 38) . For lupinine biosynthesis see (30, 31, 34, 94, 95, 99) . For the biosynthesis of the cytisine-type alkaloids it has been postulated that lupanine is converted into 5,6-dehydrolupanine which is further oxidized to anagyrine, rhombifoline, cytisine and N-methylcytisine (37) . A 6-hydroxylupanine has been isolated recently which is thought to be the direct precursor for 5,6-dehydrolupanine (38) . For the formation of cytisine in Baptisia it was postulated that ring A must be cleaved and ring D converted into a pyridone (39).
Enzymatic Studies on QA Biosynthesis
A lysine decarboxylase, which converts lysine into cadaverine was discovered in lupin cell cultures and intact plants and could be localized subcellularly in the chloroplast (40, 41) . From cell suspension cultures a cell-free extract was obtained in which cadaverine was deaminated by a transaminase with pyruvate as the amino acceptor (42) . The resulting 5-aminopentanal was directly incorporated into tetracyclic alkaloids, of which 17-oxosparteine was identified by GLC-MS as the main and sparteine as a minor product (42, 43) . In intact chloroplasts cadaverine was incorporated into lupanine instead (44) . Because 17-oxosparteine was the major product in the assays, a model was formulated with enzyme-bound intermediates and 17-oxosparteine as the key intermediate (43) and the enzyme was named "oxosparteine synthase". 17-Oxosparteine was found to be converted by cell cultures and crude enzyme preparations into lupanine (45) .
Recent tracer experiments did not confirm the intermediacy of 17-oxosparteine, at least for intact plants (35, 94-96, 99, 100) . Two possible explanations can be forwarded for the obvious discrepancy: 1. The enzyme system in suspension-cultured cells might differ from that of intact plants. 2. The enzyme assays were performed in cell-free extracts (since the enzyme was difficult to purify) which contained a number of other enzyme activities. It might thus be possible that an intermediate such as the postulated dehydrosparteine (see 2.2.1.) or sparteine were oxidized to 17-oxosparteine by a second enzyme (QA of the sparteine-type are easily oxidized at the 17-position). Therefore, the question of the product of the "oxosparteine synthase" reaction and the reaction mechanism (43) have to be reconsidered (which is currently being done in my group). Most OS-assays were performed using [14C]-cadaverine as a substrate. After thin layer chromatography of the products in ethanollammonia (8.5/3) the zones of sparteine and 17-oxosparteine were eluted and evaluated by liquid scintillation counting. These enzyme activities always matched the biosynthetic activity of a given tissue (46) and were correlated with lysine decarboxylase activity (41) . We are certain therefore, that these enzyme assays actually determined the activity of the alkaloid synthase reaction and that the conclusions drawn from further experiments (26, 44, 46, 47) are still valid.
A number of additional enzymatic steps have been reported, such as the formation of 13-tigloyl-oxylupanine by a tigloylCoA: 13-hydroxylupanine O-tigloyltransferase (48) and the synthesis of N-methylcytisine by an SAM: cytisine N-methyltransferase (49) . For a review of further enzymatic steps and the properties of the enzymes involved see Wink and Hartmann (50).
Biology and Physiology of QA 2.3.1. Site of QA Biosynthesis
QA formation was observed in the aerial parts of legumes only (24) , although the whole plant accumulates these alkaloids (for review of the older literature see SchUtte 24; 51). This finding could be confirmed in our laboratory: Feeding [14CJ-cadaverine to roots, stems or leaves of lupins, which derived either from mature plants or from organ cultures, incorporation of the precursor into lupanine and other QA could only be observed in green stems or leaves (52) . Furthermore, "oxosparteine synthase" could be recorded in green tissues only (51) .
In lupin leaves, the enzymes of lysine and lupanine formation could be localized in the stroma of chloroplasts (44, 47) , where also the biosynthesis of lysine takes place. QA biosynthesis is regulated by light (18, 50, 70) and fluctuates diurnally (18, 70 and subepidermal tissues of stems and leaves. This finding could be confirmed using modern analytical techniques such as laser desorption MS (LAMMA 1000) (22) or capillary GLC (63) . The alkaloid concentrations in these peripheral cell layers range between 20 and 200 mmol/kg FW.
2.3.2.3. Transport of QA QA are accumulated also in tissues which do not synthesize them. Therefore, a transport of QA had to be assumed. Indirect biological evidence indicated that QA must be present in the phloem sap of legumes: 1. QA could be detected in Orobanche rapum-genistae, known to tap the phloem of Cytisus host plants (64). 2. QA were found in aphids and in their honey dew, which also exploit the phloem of a plant (60, 65, 66) . In L. angustifolius and L. consentinii it was shown by direct GLC analysis that QA are predominantly present in the phloem but not in the xylem sap (65) . In phloem sap collected from fruit tips of L. albus lupanine (3) was present in a concentration of about 3.4mM and fluctuated in a light-mediated diurnal rhythm (18) . It is thus certain that QA are transported in the phloem sap, which would explain how the alkaloids that are formed in the leaves are distributed all over a lupin plant.
Intracellular Storage and Transport of QA
Like other secondary metabolites (67) QA are also stored in vacuoles (68) . Transport of lupanine (3) into isolated vacuoles is catalyzed by a specific carrier protein and energetized by an H-ATPase and a K-dependent membrane potential (68,78).
Degradation of QA
Like many other secondary metabolites (69) QA are not the end products of metabolism but show a high degree of turnover. Turnover of QA is indicated by a number of observations: 1. The level of QA in leaves and other organs of lupins follows a diurnal cycle with high values during the day and low ones during the night (18, 70) . 2. Total amounts of QA are reduced by up to 80% during germination and seedling development (57). 3. QA that are added to cell suspension cultures disappear within a week of cultivation (46, 70, 85) . Since nitrogen is a limiting factor for plants, we have postulated that the nitrogen which is set free from degraded QA can be reused in the metabolism of a plant. This assumption was indirectly confirmed: Cell cultures, grown on media with the QA sparteine as the sole nitrogen source grew slowly and survived for more than 6 months, whereas control cultures on nitrogen-free agar had died within 6 weeks (57). . They are toxic or inhibitory for most organisms. Relatively well-studied are the activities of sparteine and lupinine in vertebrates, especially rat and man: isolated QA can be antiarrhythmic and oxytocic (sparteine, lupanine; 7), hypoglycemic (lupinine), cytotoxic and antipyretic (matrine, 72), hallucinogenic (cytisine, N-methylcytisine (7, 73, 77) ), teratogenic (anagyrine, 74). Sparteine is used therapeutically as an antiarrhythmic drug and in obstetrics, whereas lupinine and matrine have been in use in folk medicine in Eastern Asia (72) . Most of the over 150 QA have not been tested at all in any of the abovementioned areas and the mechanism of their action in living systems has to be elucidated in most instances.
Function as Chemical Defence Compounds in Plants
Isolated QA were shown to inhibit the multiplication of potato X-virus (53), of various bacteria (75) , and fungi (75, 76) . They repell the feeding of snails and slugs (77, 78) and vertebrates (58) and are toxic for insects (59) . ED50 values were in the range of 0.5-5 mM, i.e. rather high as compared to strong toxins. These concentrations are lower, however than the QA concentrations found in the intact plant, especially when the QA concentrations of epidermal tissues or those of seeds are taken into consideration (25, 53) . Since plants must have mechanisms for their protection against pathogens and herbivorous animals, QA might be a suitable means for defence, since most legumes have soft tissues which are not defended by thorns or stinging hairs. Legume species which contain QA usually do not accumulate other secondary metabolites to a similar degree. QA-free legumes on the other hand accumulate toxic non-protein amino acids, pyrrolizidine alkaloids, cyanogenic glycosides, proteinase inhibitors, or lectins instead (6, 25) , for which a defensive role is also assumed (80) (81) (82) (83) 97 ).
Especially those organs or tissues which are important for survival and reproduction (e.g. flowers, fruits, seeds, seedlings) store QA at concentrations which exceed the inhibitory concentrations found in vitro. Storage in epidermal tissues might have evolved, because this peripheral tissue has to ward off attacks in the first instance. The level of QA increased by a factor 2-4 within 2-4 hours after experimentally wounding the leaves of L. polyphyllus (79) . If a similar response takes place in the intact plant upon wounding by predators or pathogens, the effect of the already existing alkaloids would be further increased and amplified.
It could be shown experimentally that QA are obviously relevant as chemical defence compounds for lupins, since alkaloid-free lupin varieties, when grown together with their alkaloid-rich wild types were selectively eaten or parasitized by herbivores (e.g. rabbits, leaf miners, and aphids) (25, 53) . Thus QA provide one of the few examples where the importance of a secondary metabolite for the fitness of a plant has been clearly demonstrated (for review, see 80-84).
Function as Defence Compounds in Insects
No chemical defence is absolute and nearly all plants which are otherwise protected against herbivores by their toxins, have a few pathogens or herbivores which have overcome the defence systems. A few aphids have been described which are specialized on alkaloid-rich lupins or broom plants. These aphids obviously accumulate QA, which they obtain from the phloem sap and QA concentrations between 1 and 20 mM have been reported (60, 65, 66) . For Macrosiphon albifrons it could be shown that carnivorous beetles (Carabids) will be narcotized for over 48 h when they feed on these aphids (66) . Thus an advantage of specialization might be the acquisition of chemical defence compounds in addition to that of protein, carbohydrates and lipids from plants. A similar example are Danaid butterflies which obtain cardenolides and pyrrolizidine alkaloids from their food plants (for review 84, 98).
Quinolizidine Alkaloids in Cell Cultures
Callus and suspension cultures of Lupinus polyphyllus, L. luteus, L. albus, L. hartwegii, L. mutabilis, Cytisus scoparius, C. purpureus, Genista tinctoria, Baptisia australis, Sophora japonica, and Laburnum alpinum produce only limited amounts of QA, which are 2 to 3 orders of magnitude lower than the alkaloid concentrations found in intact plants (2, 13, 14, 16, 17, 21 , and Wink unpublished). Lupanine was the main alkaloid in all cell cultures, irrespective of the alkaloid patterns prevailing in the intact plant (14, 21) .
Alkaloid formation was substantially higher in green, chioroplast-containing cultures (64, 85) grown in the light (compare 2.3.1.) which is in agreement with the site of QA biosynthesis in chloroplasts.
Storage capacity of the cell cultures (78) for QA seems to be low and QA are rapidly degraded by endo-and exoenzymes (46, 71, 86, 87) . For a possible explanation of the failure of cell cultures to produce significant amounts of QA see (88) (89) (90) .
